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Furthermore, we are currently evaluating UPR inhibition in a preclinical trial utilizing our /n vivo PTEN loss model with
or without MYC overexpression using several models of patient derived xenograft (PDX) model of high risk prostate
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protein synthesis and the specific arms of the UPR. Taken together, our results suggest a critical role of the UPR in
ensuring prostate cancer cell progression and serve as a promising opportunity for therapeutically targeting this
cancer-specific vulnerability to stress adaptation in order to elicit synthetic lethality.
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INTRODUCTION:

The acquisition of oncogenic lesions stimulates biosynthetically and bioenergetically
demanding cellular processes such as protein synthesis to drive cancer cell growth and
proliferation. The hijacking of these key processes by oncogenic pathways triggers cellular
stress that requires an adaptive or evasive response in order for cancer cells to survive and
continue proliferating. We have previously demonstrated that deregulated protein synthesis,
which is induced by oncogenic signaling pathways such as Myc and PI3K that are
commonly activated in prostate cancer, activates one of the key cytoprotective stress
response pathways, known as the unfolded protein response (UPR). The UPR is a cellular
homeostatic program engaged when an excess of unfolded/misfolded proteins accumulate
within the lumen of the endoplasmic reticulum. It is carried out by three major signaling
arms: PERK, IRE1, and ATF6. However, whether and how each of these distinct signaling
arms of the UPR is specifically activated by deregulated protein synthesis upon oncogenic
insult is poorly understood.

An outstanding question is how the UPR pathways are regulated and maintained in prostate
cancer initiation and maintenance. In addition, our previous work has indicated that the
other adverse environmental conditions including chemotherapy, androgen deprivation,
radiation, the UPR is activated to ensure cell survival[6]. The UPR is both pro-survival and
pro-death. Why does it promote survival cancer cells and pro-death in other settings? Can
UPR-targeted therapeutics be designed to separate pro-survival and apoptotic responses?
Strikingly, our preliminary data demonstrate that both MYC and PTEN loss cooperate to
activate the UPR and are critical in tumor cell survival and oncogenic transformation. These
findings lay the foundation for this proposal, which seeks to open a new portal into our
understanding of mechanisms that maintain the adaptation of cancer cells to stress and
develops a novel therapeutic regimen to target this vulnerability of transformed cells.

KEYWORDS:

Prostate cancer, unfolded protein response, oncogenic stress, PTEN, MYC, patient derived
xenografts, novel therapeutic approach for metastatic prostate cancer.

ACCOMPLISHMENTS:

What were the major goals of the project?

Approved SOW

Major Task 1: To assess the role protein synthesis-dependent control of the unfolded
protein response in prostate cancer development and maintenance in vivo.

Subtask 1: To assess the role of protein synthesis-dependent control of the unfolded protein
response in prostate cancer development in vivo. (12 months) Cell lines used: mouse prostate
epithelial isolated from PTENIloxlox/Myc++ invivo model Accomplished 80%

Subtask 2: Expand PB-Cre;MY Ctg;PTENIoxP/loxP mouse colonies (4 months) Perform
preclinical trial using IRE-1 inhibitor in 4 week cycles and evaluate for tumor progression
starting with 1 month old mice. (3 months) Accomplished: 100%

Subtask 3: Perform preclinical trial using IRE-1 inhibitor in 4 week cycles and evaluate for
tumor regression.

Subtask 4: To analyze differences in protein synthesis in vivo, we will measure the amount of




35S-methionine incorporation of cultured PB-Cre; MY Ctg;PTENIoxP/loxP prostate cancer
cells. Analysis of 35Smethionine incorporation in murine prostate cancer after treatment with
PERK or IRE inhibitor. (2 months) Accomplished 100%

Subtask 5: Prostates will be harvested for immunohistochemical evaluation of global protein
synthesis components downstream of PTEN loss/mTOR (for example, phospho-4EBP1,
phospho-rpS6 and phospho-elF4E) as well as for proliferation and cell survival (Ki-67 and
TUNEL analysis, respectively). (1 month) Accomplished 100%

Milestone(s) Achieved:

Determine the role of UPR in prostate cancer initiation and maintenance, obtain preclinical
data with UPR inhibitors on inhibition of tumor growth in the early stage setting.

Milestone(s) Achieved: Determine the therapeutic potential of
inhibiting protein-dependent control of the UPR in early stage 36-48
and late stage metastatic prostate cancer with validation of Months Dr. Nguyen
human samples, hence providing data for phase1/2 clinical trial.
publication of 1-2 peer reviewed papers

What was accomplished under these goals?

To assess the role protein synthesis-dependent control of the unfolded protein response in
prostate cancer development and maintenance in vivo.

Hyperactivation of MYC and PTEN loss cooperate to induce Figure 1. Knock-down of PTEN and
clonogenic potential in human prostate epithelial cells . .
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The most common driver mutations
& Lp<wo0n Implicated in prostate cancer are MYC

overexpression and PTEN loss. The

mechanism of prostate cancer tumorigenesis induced by aberrant PI3BK-AKT-mTOR signaling is
largely mediated through the downstream activation of the kinase mTOR, while MYC
overexpression results in activation of multiples pathway to promote cellular progression. How
oncogenic stresses or tumor microenvironmental stresses activate the UPR remain poorly
understood. Is there a specific translational program that is activated to induce the UPR? In this
aim, | seek to define the underlying molecular mechanisms by which a novel regulatory
translational program selects for specific mMRNAS, conferring sensitivity to activation PERK and
IRE-1. | will determine the impact of PTEN/mTOR/4EBP-1-elF4E on activation of the three
major arms of the UPR pathway (ATF6, PERK, and IRE-1) during oncogenic transformation and




evaluate the therapeutic potential of inhibiting elF4E-dependent control of the UPR. To address
this aim, we have generated human prostate epithelia cells (PrEc) with stable expression of MYC
and stable knockdown of PTEN using short hairpin targeting PTEN cDNA or the 3> UTR. We
also generated the cells with combination of MYC overexpression and PTEN knock down as
shown in Figure 1.

MYC and PTEN loss cooperate to activate the UPR

PERK and IRE-1 Figure 2a. Left panEI
showed analysis of
MYC+ 35Smethionine
Wr e PTEN -/PTEN- incorporation in human
T A MYC + . . .
WT  mYc+ PTEN | /pren prostate epithelial cells line.
PIRED | c—] — Right panel showed
s XBPLS | e o om— activation of UPR pathway
PPERK | o using XBP-1s and phosphor

PERK and phosphor-elF2a
as markers.

P-elF2a
Total
elF2a

e i Data replicated in two cell lines:
Actin ——— N — LHS (basal/luminal prostate epithelia)
RWPE-1 {Luminal prostate epithelia)

Activation of the URP is associated with increased in global protein synthesis. Experiments are
underway to evaluate global protein synthesis incorporation of murine prostate cancer after
treatment with PERK or IRE inhibitor.

Figure 3. Flow cytometry analysis of

Transformed MYC+/PtEn- cells are sensitive to pharmacologic apoptosis as measured by Annexin V
inhibition of UPR staining (left panel). Increased in
apoptosis were observed only on
24hr treatment: PERK inhibitor IREX inhibitor ~ Myc+/PTEN loss cell but not WT.
vehicle  (SSK2606414) - {aps) veh_PeRKinh RELI™  Right panel showed inhibition of
o e M7 wr | ® _ "'+ colony formation. Note that only
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Figure 4. Preclinical trial using ISRIB (inhibitor of Stress Response, phosphor-elF2a) Left
panel. Right panel showed MRI of tumor. Tumor regression were observed only in the PB-
Cre; MYCtg;PTENIoxP/loxP mice treated with ISRIB.

Starting work on goal for year 2-3 of the grant.

Major Task 3: To define the unfolded protein response (UPR) in promote tumor
progression in castrate resistant prostate cancer and in therapy resistant setting.
Subsequently to determent if targeting the URP in this setting may improve response and
delay disease progression



Establish a new cohort of PDX models to test the therapeutic benefit of inhibiting elF2a
phosphorylation and other UPR arms on the growth of primary human and metastatic
prostate cancer samples.

Here we seek a new paradigm to characterize and test novel therapeutics using the most relevant
invivo model to recapitulate the diverse and heterogeneity of prostate cancer across risk
spectrum. Despite advances in novel drug design and new insights into the genetic landscape
advance local-regional and metastatic prostate cancer, most new therapies failed to show survival
benefits prior to reaching
phase 3 in clinical trials. This

PSeliecti?L()fpatiemsr Engraftment || Expansion Treatment and analysis translational gap |S In_part due
AW (1 Boning to the limitation of current cell-

. A5 S| response pased xgr]ografts_models used

I came in preclinical testing and often

’ e _ 4. Gene lead to a substantially different

¢ Prmary - 5 HumdE response profile when tested in

\ /tumor AV 5
Tose staining

human. To this end, we aim to
create a more predictive and
more precise model of prostate
cancer using tumors (primary
and metastasis) taken directly
from patients (also known as
Patient-Derived Xenografts or
PDXs) and implant directly
into an  immunodeficient

PSMAPET Scan
(patient with GS 5+5Pca)
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Figure 4. Establish a new cohort of Patient-Derived mouse. To accomplish this
Xenografts (PDX) models to test the therapeutic for advance specific aim, we will obtain
prostate cancer. A. At time of surgery, tumors from a patient patient tumors immediately

with lymph node metastasis (identify on PSMA imaging) and

known PTEN loss mutation (based on genomic profiling of pre- after devascularization of the

surgery biopsy sample) were implanted in the flank of NSG pr_os_tat_e during surgery to
mouse. Successful lines are established once they can undergo minimize any further cell death
passages and revival from cryopreservation. We verified the and to preserve integrity of the

integrity of each passage by histopathological comparison to the tumor microenvironment and

original tumor. will directly implant it into
NOD-SCID mouse (via subcutaneous on the flank of the mouse and or via sub renal capsule
route). The NOD-SCID breed of mouse lacks Natural Killer cells and is considered more
immunodeficient than a nude mouse. At the same time, a portion of the same tissue including
adjacent normal tissue will be frozen and paraffin embedded for molecular verification
(sequencing and IF to evaluate the preservation of histopathology, genome architecture, and
global gene expression of donor tumors), hence ensuring the integrity of line.

To demonstrate the feasibility of developing patient derived xenograft models in the
current research proposal, we successfully established of several lines of PDXs, wherein tumor
xenografts were derived from a patient with pelvic lymph node metastasis found on PSMA PET
scan (prostate specific membrane antigen positron emission tomography scan). These lines of
PDXs were derived from high grade tumor. The limitation to establish successful PDX models
for prostate cancer has been the low take rate. We have overcome these limitations by using
advance imaging (PSMA PET) and tumor profiling (Decipher Grid, RNA seq) to identify
aggressive tumor with specific mutations prior to implantation. We also have fast tracked the
tissue preservation protocol to allow maximal preservation of tumor integrity to ensure
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Figure 5. A new paradigm for selection of specific
model of PDXs with hyperactivation of MYC and PTEN
loss to interrogate novel pharmacogenomics
approach to target a survival stress response pathway
human prostate cancer. A. Heat map showing
expression level of PTEN, MYC and phospho-elF2a
normalized to adjacent benign tissue as assess by
guantitative immunofluorescence (left panel). Right panel
showed detail IF staining of MYC, PTEN, phosphor AKT
and H&E for the two line of PDXs, selected for the clinical.
B. Upper panel showed trail design, lower panel showed
Kaplan-Meier analysis of overall survival in the control and
treated group (phospho-elF2a inhibitor (ISRIB) and PERK
inhibitor, (GSK2656157) N=16). C. Tumor volume is
assessed daily in the placebo and ISRIB treated groups.
Shown are representative picture of tumor at day 0 and
day 9 following treatment. Western blot analysis of tumor
following treatment showing expression of ATF4, a

1 downstream target of elF2a phosphorylation and cleaved

caspase 3 level (apoptosis marker).

successful grafting. The PDX models are
maintained by directly passing tumors
from mouse to mouse once the tumor
burden reached 2cm®. One advantage of
using PDX models over cell-line derived
xenografts is the ability create a library of
PDXs with specific pathways that has
been implicated in driving prostate
tumorigenesis and progression (i.e. Myc
driven, or PTEN-loss/MYC
hyperactivation, AR signaling, SPOP,
RAS/RAF).

In the current research program,
we propose to establish a cohort of 20
different line of PDXs in the setting of
diverse racial/ethnic background to best
recapitulate the existing heterogeneity of
prostate cancer in human. Once we
accomplish  this aim, a subsequent
development of a proteomic array from
these PDXs will provide an important
resource to the scientific community in
selecting specific models of prostate
cancer for a particular therapeutic of
interest. Within the context of our current
proposal, the cohort of PDXs models
should provide us the most comparable
model of human prostate cancer to
properly characterized the predicting
responsiveness to targeted therapeutic
benefit of inhibiting elF2a
phosphorylation and other UPR arms on
the growth of primary human and
metastatic prostate cancer. Once we have
a library of 20 different PDXs established,
we will also have access different subset
model of prostate cancer to allow more
specificity in  selecting appropriate
therapies  when investigating novel
therapeutics. Previous studies
demonstrated the existence of gnomically
distinct subtypes of prostate cancer and
the variable clinical course ranging from
indolence low grade cancer to very
aggressive lethal prostate cancer. We will
characterize each subtype of our PDX line
using exome and whole genome DNA
sequencing, RNA sequencing, miRNA
sequencing, and protein arrays to provide
a comprehensive profile of somatic copy-



number alterations, mMRNA, microRNA, and protein levels for each distinct subtype of PDXs
model of prostate cancer.

In the second part, we propose a new paradigm of personalized therapeutics to evaluate novel
therapies targeting elF2a phosphorylation and other UPR arms. In the proof of concept
experiment, we selected two models from our current cohort of PDXs (unpublished) with the
first PDX bearing tumor showing loss of PTEN expression and concurrently has low MYC
expression at the protein level. The second PDX model has loss of PTEN with high MYC
protein expression (Figure 5a). PTEN loss and MYC overexpression at the mRNA level as also
validated using available genomic profiling of the tumor and exome DNA sequencing (data not
shown).  Furthermore, we observed that the high MYC/PTEN loss tumor displayed a
significantly higher level of elF2a phosphorylation over the low MYC/PTEN loss tumor using
qualitative immunofluorescence analysis.

We subsequently evaluate the efficacy of ISRIB, a small molecule that specifically reverse
the effect elF2a phosphorylation on tumor growth and cancer specific survival (Kaplan Meir
curve) as shown in Figure 2B. Here we designed a randomized trial with a line of PDX bearing
MYC hyperactivation/PTEN loss tumors (N=8 mice in each groups and subjected them to
treatment with placebo (control vehicle), GSK2656157 at 100mg/kg (inhibitor of PERK
phosphorylation) or with ISRIB at 10mg/kg, a small molecule which reverses the effects of
elF2a phosphorylation. In the control vs ISRIB trial, we observed dramatic tumor reduction and
a durable survival advantage (KM curve Fig 5a). In the control vs GSK2656157 trial, tumor
regression was modest (data not shown) and cancer specific survival was extended but not
durable in the GSK2656157 treated arm. Our data suggested that MY C hyperactivation/PTEN
loss driven prostate cancer could converge at el[F2a phosphorylation, hence it is an excellent and
specific window for therapeutic intervention.

We next evaluate whether ISRIB has selective efficacy across tumors with variable level of high
or low elF2a phosphorylation. In the PDX (PRC/CAS, primary tumor) with low level of elF2a
phosphorylation, there is no significant tumor regression at day 7 following ISRIB treatment
whereas tumor (PRC/CASLN) with high elF2a phosphorylation has dramatic regression in
tumor volume, as well as increased cleaved caspase 3 level (Figure 5C) and decrease ATF-4 (a
downstream event of elF2o phosphorylation). Interestingly, ISRIB does not seem to produce a
durable response in tumor regression in the PDX tumor with low elF2a phosphorylation. Our
data implicated that choosing a specific therapy for a distinct subset of prostate cancer is of
utmost important to achieve a durable and effective response.

Given the finding that both PERK and IRE-1 arms of the UPR are activated upon MYC
hyperactivation/PTEN loss, to this end we propose to test the efficacy of novel inhibitors for each
arms of the UPR pathway using our PDX models. In the second preclinical trial when we
treated mice bearing PDX, there is significant survival advantage in mice treated with PERK
inhibitor (GSK2656157), however the survival advantage was not durable since 50% of mice
treated with PERK inhibitor eventually demonstrated resistant and die from tumor progression at
day 21 post treatment. This could be explained by the existence of a compensatory mechanism
that resulted in upregulation of the IRE-1/XBP1 arms of the UPR in the setting of prolonged
PERK inhibition. We will further examine the mechanism for this resistance by directly
examine IRE/XPB-1 phosphorylation. Is there a point downstream when both PERK and IRE-1
signaling converge? How does each arm of the UPR compensate when one is inhibited, Is there
any a synergy in tumor regression when both inhibitors of the UPR are combined? To address
these questions, we will assess the therapeutic value of IRE/XBP-1 pathway inhibition in the
PDXs model using a potent IRE-1 inhibitor. If there is a compensatory mechanism, inhibiting
IRE-1/XBP1 with B-109 will demonstrate similar survival and tumor response profile as in the
GSK2656157 treated group. Moreover, we have the potential to test a treatment strategy using a



combination of both PERK and IRE-1 inhibitors in the PDXs, prior to bringing them to human
trial. We will also conduct a Kaplan-Meier survival analysis to assess whether the dual
combination can completely prevent MYC/PTEN loss induced prostate cancer development.

What opportunities for training and professional development has the project provided?

With this physician training award, | was able to secure a position as assistant professor of
urology in Residence. | successfully competed and won the 2016 Young Investigator Award from
the Prostate Cancer Foundation. | presented my work at several national meeting including the
PCF young investigator meeting, AUA western section and SUO annual meeting.

| also directly supervise a post-doctoral fellow Crystal Conn PHD and trained research
associate Lingru Xuei MS.

Professional development activities: |1 am the PI for multi-institutional trial for PSMA imaging
in active surveillance patients with low risk prostate cancer. “A Phase 3 Study to Evaluate the
Safety and Efficacy of 99mTc-MIP-1404 SPECT/CT Imaging to Detect Clinically Significant
Prostate Cancer in Men With Biopsy Proven Low-Grade Prostate Cancer Who Are Candidates
for Active Surveillance (proSPECT-AS)” | started the patient derived xenografts consortium at
UCSF as a result in increased knowledge or skill in one's area of expertise.

How were the results disseminated to communities of interest?

Early success of the PDX model that | started for this research grant had prompt a few
collaborations in other discipline.

For instance, | am collaborating with Dr. Anwar (also recipient of the DOD physician training
award) in vivo studies and evaluation of PSMA fluorescence imager as a novel imaging tool to
detect microscopic residual tumor at tumor margin localize microscopic nodal disease not
visualize by conventional imaging at time of tumor resection using patient-derived xenografts
tumors with high PSMA expression. The purpose of study is to test the prototype imager on
detecting microscopic tumor margin with 500 micro or larger and to evaluate the accuracy of the
imager. The aim involves validation of PSMA- Fluorescently tagged anti-PSMA is injected
preoperatively, and can be imaged intraoperatively. We then evaluate the biodistribution,
toxicity and half-life of fluorescently tagged anti-PSMA injected in the PDX model. Finally, in
we will evaluate the in vivo efficacy of imager on PDX mice and test for accuracy using
immuno-histochemistry. These studies are greatly enabled by our lab’s extensive experience
developing PDX and characterizing other targeted therapy for prostate cancer. By targeting
tumor tissue that is best to recapitulate prostatectomy in human, we used patient derived
xenografts model of human prostate cancer resection. We hypothesize that imager will be able
to accurate detect microscopic residual tumor after resection of primary tumor and that it will be
highly efficacious in localizing microscopic disease in the lymph nodes that are located behind
5mm of normal tissue.

What do you plan to do during the next reporting period to accomplish the goals?

In the next report, 1 hope to to define the mechanism by which loss of PTEN and MYC
hyperactivation alter mRNA translational networks associated with UPR activation and
elF2[] phosphorylation to sustain tumor growth using ribosomal profiling and proteomic
approaches. In addition, I will present data on tissue array with 200 human prostate
samples to interrogate how elF2a phosphorylation and the other arms of the UPR pathway
associate with worse clinical prognosis and survival outcomes.



2.

IMPACT:

Our hypothesis is that hyperactivation of mTOR and Myc induce a proteotoxic stress and cancer
cells activate a survival adaptive response pathway to increase cellular fitness and tumor
growth. Our genetically and pharmacologically preliminary data showed that upon UPR
activation and phosphorylation of elF2a downregulate protein synthesis rate, represents a new
point of vulnerability of primary and metastatic prostate cancer cells. We next seek to
understand the molecular mechanisms of specific protein expression program that steer key
cellular hallmarks underling prostate cancer development and to develop a novel therapeutic
regimen to target a new point of vulnerability of prostate cancer cells dependent on elF2a
survival and UPR stress response pathway. Delineating the mechanisms underlying stress
response pathways, in particular the unfolded protein response (UPR), in novel mouse models
(MYC hyperactivation/PTEN knock down) and human prostate cancer using PDX models will
lead to novel therapies to target stress response pathways.

What was the impact on the development of the principal discipline(s) of the project?
Nothing to Report

What was the impact on other disciplines?

Nothing to Report

What was the impact on technology transfer?

The development of PDX (patient derived xenografts) for primary and metastatic prostate cancer
could be a useful technology to allow quick and effective way to evaluate new therapy or
imaging modality for prostate cancer.

What was the impact on society beyond science and technology?
Nothing to Report

CHANGES/PROBLEMS:

Nothing to Report

Changes that had a significant impact on expenditures

Nothing to report

Significant changes in use or care of human subjects, vertebrate animals, biohazards,
and/or select agents

Nothing to report
Significant changes in use or care of human subjects

Significant changes in use or care of vertebrate animals.
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Significant changes in use of biohazards and/or select agents
PRODUCTS:
Nothing to Report.

Publications, conference papers, and presentations

Journal publications.

Hsieh AC, Nguyen HG, Wen L, Edlind MP, Carroll PR, Kim W, Ruggero D. Cell type-specific
abundance of 4EBP1 primes prostate cancer sensitivity or resistance to PI13K pathway
inhibitors. Sci Signal. 2015; 8(403):ral16. PMID: 26577921. Federal support (yes).

Books or other non-periodical, one-time publications.
Other publications, conference papers, and presentations.

Website(s) or other Internet site(s)

Technologies or techniques

Novel method for PDX generation: We successfully established of several lines of PDXs,
wherein tumor xenografts were derived from a patient with pelvic lymph node metastasis found
on PSMA PET scan (prostate specific membrane antigen positron emission tomography scan).
These lines of PDXs were derived from high grade tumor. The limitation to establish successful
PDX models for prostate cancer has been the low take rate. We have overcome these limitations
by using advance imaging (PSMA PET) and tumor profiling (Decipher Grid, RNA seq) to
identify aggressive tumor with specific mutations prior to implantation. We also have fast
tracked the tissue preservation protocol to allow maximal preservation of tumor integrity to
ensure successful grafting. These PDX will be shared among the research community.

Inventions, patent applications, and/or licenses
nothing to report

Other Products

Nothing to report

PARTICIPANTS & OTHER COLLABORATING ORGANIZATIONS
What individuals have worked on the project?

no change

Has there been a change in the active other support of the PD/PI(s) or senior/key personnel
since the last reporting period?

Nothing to Report

What other organizations were involved as partners?
Nothing to Report

SPECIAL REPORTING REQUIREMENTS
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Nothing to report
7. APPENDICES:

8. Reprints of journal article and CV
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CANCER

Cell type—specific abundance of 4EBP1 primes
prostate cancer sensitivity or resistance to PI3K
pathway inhibitors

Andrew C. Hsieh,"?*™* Hao G. Nguyen,'$ Lexiaochuan Wen,'$ Merritt P. Edlind,’
Peter R. Carroll," Won Kim,? Davide Ruggero'*

Pharmacological inhibitors against the PI3K-AKT-mTOR (phosphatidylinositol 3-kinase~AKT-mammalian
target of rapamycin) pathway, a frequently deregulated signaling pathway in cancer, are clinically
promising, but the development of drug resistance is a major limitation. We found that 4EBP1, the central
inhibitor of cap-dependent translation, was a critical regulator of both prostate cancer initiation and mainte-
nance downstream of mTOR signaling in a genetic mouse model. 4EBP1 abundance was distinctly differ-
ent between the epithelial cell types of the normal prostate. Of tumor-prone prostate epithelial cell types,
luminal epithelial cells exhibited the highest transcript and protein abundance of 4EBP1 and the lowest
protein synthesis rates, which mediated resistance to both pharmacologic and genetic inhibition of the
PIBK-AKT-mTOR signaling pathway. Decreasing total 4EBP1 abundance reversed resistance in drug-
insensitive cells. Increased 4EBP1 abundance was a common feature in prostate cancer patients who had
been treated with the PI3K pathway inhibitor BKM120; thus, 4EBP1 may be associated with drug resistance
in human tumors. Our findings reveal a molecular program controlling cell type—specific 4EBP1 abundance
coupled to the regulation of global protein synthesis rates that renders each epithelial cell type of the pros-

tate uniquely sensitive or resistant to inhibitors of the PI3K-AKT-mTOR signaling pathway.

INTRODUCTION

The PI3K-AKT-mTOR (phosphatidylinositol 3-kinase—~AKT-mammalian
target of rapamycin) signaling pathway is altered in 100% of advanced human
prostate cancer patients, which is a disease that arises from the prostatic ep-
ithelium composed of two distinct epithelial cell types, luminal and basal ep-
ithelial cells (7). Both cell types can transform and develop into tumors in the
context of various oncogenic stimuli. For example, loss of PTEN (phospha-
tase and tensin homolog), the tumor suppressor and negative regulator of the
PIBK-AKT-mTOR signaling pathway, leads to tumor development in either
cell type in mouse models of prostate cancer (2). Others have shown that over-
expression of the kinase AKT and the transcription factor MYC in normal
basal epithelial cells leads to the formation of a luminal-like prostate cancer
(3). Moreover, loss of PTEN within a prostate luminal epithelial stem cell popu-
lation also leads to tumorigenesis in vivo (4). These findings demonstrate that
multiple cancer-initiating cell types exist within the prostate and that tumor ini-
tiation can be driven by oncogenic PI3K-AKT-mTOR activity. However, an
important unanswered question is whether all prostate tumor epithelial cell types
are equally sensitive to inhibitors of the PI3K pathway or are specific cell types
primed for drug resistance. This is a critical question because an emerging
problem shared by all PI3K pathway inhibitors is drug resistance, which is
significantly stifling the clinical success of this class of therapeutic agents.
The kinase mTOR promotes mRNA translation by converging on the
elF4F (eukaryotic translation initiation factor 4F) cap-binding complex,

1Depar‘[ment of Urology, University of California, San Francisco, San Francisco,
CA 94158, USA. 2Division of Hematology/Oncology and Department of Internal
Medicine, University of California, San Francisco, San Francisco, CA 94158,
USA. ®Department of Cellular and Molecular Pharmacology, University of Cali-
fornia, San Francisco, San Francisco, CA 94158, USA.

*Present address: Division of Human Biology, Fred Hutchinson Cancer Re-
search Center, Seattle, WA 98109, USA.

tPresent address: Department of Medicine, University of Washington, Seattle, WA
93195, USA.

FCorresponding author. E-mail: ahsieh@fredhutch.org (A.C.H.); davide.ruggero@
ucsf.edu (D.R.)

§These authors contributed equally to this work.

which is a critical nexus that controls global protein synthesis as well as
the translation of specific mRNA targets (5—-7). All elF4F complex members
including the cap-binding protein and oncogene eIF4E (8, 9), the scaffold-
ing molecule elF4G (10), and the RNA helicase elF4A (/7) are required
for cap-dependent translation. The elF4F complex is negatively regulated by
a critical interaction between elF4E and the tumor suppressor elF4E-binding
proteins (4EBPs), which are phosphorylated and inhibited by mTOR (6, 12).
Using unique mouse models of prostate cancer, we addressed the impor-
tant question of cell type specificity and translation control in tumor ini-
tiation, cancer progression, and drug resistance, and found that 4EBP1
activity is not only a marker of PI3K-AKT-mTOR signaling but is also crit-
ical for prostate cancer initiation and maintenance as well as the therapeutic
response. We found that a specific population of tumor-forming luminal
epithelial cells, which exhibit high transcript and protein levels of 4EBP1
and low protein synthesis rates, is remarkably resistant to inhibition of the
PIBK-AKT-mTOR signaling pathway. Furthermore, we found that elevated
4EBP1 expression is necessary and sufficient for drug resistance. Using pa-
tient samples acquired from a phase 2 clinical trial with the oral pan-PI3K.
inhibitor BKM 120, we found that a high amount of 4EBP1 protein was a
characteristic of posttreatment prostate cancer cells. Together, our findings
reveal a normal cellular program characterized by high 4EBP1 abundance
and low protein synthesis rates in luminal epithelial cells that can be ex-
ploited by prostate cancer to direct tumor growth in the context of PI3K
pathway inhibition.

RESULTS

Luminal epithelial cells with increased 4EBP1 abundance
define a PI3K-AKT-mTOR pathway inhibitor-resistant
cell type in vivo

PI3BK-AKT-mTOR pathway inhibitors have demonstrated significant pre-
clinical efficacy in prostate cancer preclinical trials; however, drug resistance
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inevitably develops (/3). Multiple prostate epithelial cell types have been
implicated in tumorigenesis, including luminal epithelial cells and basal ep-
ithelial cells (2); however, it is unknown if both cell types are equally sen-
sitive to PI3K-AKT-mTOR pathway inhibition or if specific cell types are
more resistant than others. We previously conducted a preclinical trial with
the adenosine 5'-triphosphate (ATP) site mTOR inhibitor MLN0128 (7) in
mice that develop prostate cancer through loss of the tumor suppressor
PTEN in both basal and luminal epithelial cells (herein referred to as
PTEN") (14). Although we observed a decrease in the amount of pros-
tate tumors, we also observed that a significant number of tumors remained
despite an 8-week therapeutic course with MLNO0128 (7). To characterize
the prostate cancer epithelial cell types prone to drug resistance, we quan-
tified the number of basal epithelial cells and luminal epithelial cells that
remained in PTEN"" mice treated with MLNO128 (7). After an 8-week
treatment course with MLNO128 or vehicle, the tumors that remained in
PTEN"" mice treated with MLN0128 were enriched for CK8" luminal

ences seen in total 4EBP1 abundance (Fig. 1B and fig. S3D). Moreover, we
did not observe nuclear sequestration of 4EBP1 or cytoplasmic foci of
4EBP1 in luminal cells compared to basal cells (fig. S3E). The abundance
of e[F4A and elF4E was equivalent between treated and nontreated luminal
and basal epithelial cells (Fig. 1B), whereas the abundance of eIF4G exhib-
ited only a mild decrease in luminal epithelial cells compared to basal ep-
ithelial cells (Fig. 1B). Together, these findings reveal that luminal
epithelial cells, which we found to be prone to drug resistance, are char-
acterized by high abundance of the translational repressor 4EBP1.

Prostate epithelial cells have distinct amounts of 4EBP1
mRNA expression that underlies cell type—specific
protein synthesis rates within the prostate

We next asked whether the higher amounts of 4EBP1 in prostate luminal
epithelial cells were the result of PTEN loss or instead reflect a normal ex-
pression program. Unexpectedly, we found that 4EBP1 protein abundance

epithelial cells over CK5" basal epithelial
cells (Fig. 1A and fig. S1, A and B). These
findings suggest that tumor-forming luminal
epithelial cells are more resistant than basal
epithelial cells to inhibition of the PI3K-
AKT-mTOR signaling pathway.

Next, we sought to determine the mo-
lecular features of resistant luminal epithe-
lial cells that differentiate them from basal
cells. The 4EBP1-elF4E axis is a critical
downstream target of mTOR that mediates
the therapeutic efficacy of ATP site mTOR
inhibitors (/5). Hence, we sought to deter-
mine the abundance of 4EBP1 and each of
the e[F4F components (elF4E, elF4A, and
e[F4G) in both luminal and basal epithelial
cells. To this end, we sorted luminal and
basal epithelial cells from wild-type and
PTEN"" mice treated with and without
MLNO0128 and Western-blotted for path-
way components. We used the cell surface
marker and integrin CD49f and the murine
stem cell marker Sca-1 to distinguish lumi-
nal epithelial cells from basal epithelial cells
(16). In particular, wild-type and PTEN™" ba-
sal epithelial cells are CD49f- and Sca-1-
high, and luminal epithelial cells are CD49f
positive and Sca-1-low, which was con-
firmed by quantitative polymerase chain re-
action (qPCR) analysis of their respective
markers on sorted cell populations (fig. S2,
A and B) (16). Loss of PTEN and hyper-
phosphorylation of AKT were confirmed
by qPCR, Western blot analysis, and immu-
nofluorescence in PTEN™" basal and lumi-
nal epithelial cells (fig. S3, A to C).
Among all the translation initiation compo-
nents analyzed, only 4EBP1 protein levels
were increased in PTEN™" luminal epi-
thelial cells in both MLN0128-treated
and untreated mice (Fig. 1, B and C). No-
tably, the phosphorylation of 4EBP1 was
similar in basal and luminal epithelial cells
and therefore do not contribute to the differ-
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mTOR and are characterized
by increased 4EBP1 protein abundance and lower baseline protein synthesis rates in vivo. (A) Schematic of
MLNO128 preclinical trial. Age-matched 9- to 12-month-old PTEN“ mice were treated with vehicle or
MLNO128 (1 mg/kg) daily for 8 weeks (upper panel). Quantification for ratio of CK8* luminal epithelial
cells over CK5* basal epithelial cells in vehicle- or MLNO128-treated PTEN"" mice (lower panel; n = 6
mice per condition; *P < 0.05, ttest). (B) Representative Western blots for 4EBP1, elF4A, elF4E, elF4G,
phospho-4EBP1 (Thr*"4®), phospho-rpS6 (ribosomal protein S6) (Ser?*%24) and rpS6 in basal epithelial
and luminal epithelial cells from PTEN“* mice treated with and without MLNO128 (1 mg/kg) daily for 4 days
by oral gavage. (C) Representative Western blot for 4EBP1 in basal epithelial and luminal epithelial cells
from wild-type (WT) mice (left panel). Quantification of 4EBP1 densitometry in both WT and PTEN'! basal
and luminal epithelial cells (right panel; n = 3 mice per genotype; *P = 0.04, ttest). (D) 4EBPT mRNA ex-
pression in WT and PTENY" basal and luminal epithelial cells (n = 2 to 3 mice per genotype; *P = 0.002,
ttest). All samples were first normalized to actin. (E) Representative [>°S]methionine incorporation run on
the same gel in sorted basal and luminal epithelial cell types from WT and PTEN'Y mice (left panel). Quan-
tification of [*°S]methionine incorporation by densitometry in sorted basal and luminal epithelial cell types
from WT and PTEN“" mice (right panel; n = 3 mice per genotype; *P < 0.0001, **P = 0.002, ttest). Data are
means + SEM. GAPDH, glyceraldehyde-3-phosphate dehydrogenase; n.s., not significant.
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was considerably higher in wild-type luminal epithelial cells compared to
that in wild-type basal epithelial cells (Fig. 1C). To determine at what level
of gene expression 4EBP1 is regulated in luminal and basal epithelial
cells, we conducted gPCR analysis of 4EBP1 expression in both cell types
from wild-type and PTEN™" mice. #EBP] mRNA expression was three-
to fivefold higher in normal and PTEN"" luminal epithelial cells compared
to basal epithelial cells, revealing differential transcriptional regulation of
4EBP1 in distinct tumor-prone prostate epithelial cell types (Fig. 1D).

Next, we sought to determine the functional relevance of increased
4EBP1 transcript and protein amounts in luminal epithelial cells. 4EBP1
is a negative regulator of cap-dependent translation and has been shown
to decrease the rate of protein synthesis (/2). We therefore conducted [>°S]
methionine incorporation assays on fluorescence-activated cell sorting
(FACS)—sorted basal and luminal epithelial cells from wild-type and
PTEN™" mice to determine the baseline mRNA translation rates in each
cell type. The rates of de novo protein synthesis between the two cell types
were significantly different, with basal epithelial cells exhibiting a markedly
greater amount of protein synthesis than luminal epithelial cells (Fig. 1E).
To determine whether other translation components besides 4EBP1 may
contribute to the difference in protein synthesis rates between basal and
luminal epithelial cells, we conducted a candidate protein expression
analysis of major regulators of translation, including the phosphorylation
of eEF2 (eukaryotic elongation factor 2), elF20, rpS6 and the abundance
of the translation initiation inhibitors 4EBP2 and PDCD4 (programmed
cell death protein 4). The phosphorylation of eEF2 and elF2a was simi-
lar in both cell types in the PTEN"" with no changes in total abundance
of eEF2 or elF20 (fig. S4). Phosphorylation of rpS6, which has an inhib-
itory effect on protein synthesis (/7), was decreased in luminal epithelial
cells compared to basal epithelial cells (Fig. 1B). The abundance of both
4EBP2 and PDCD4 was decreased in PTEN"" luminal epithelial cells
compared to that in basal epithelial cells (fig. S4). Hence, the phosphoryl-
ation status of eEF2, elF2a, and rpS6 and the protein abundance of 4EBP2
and PDCD4 cannot account for the difference in protein synthesis rates
observed between PTEN™" basal and luminal epithelial cells.

Despite having similarly increased abundance of 4EBP1 as PTEN"
luminal epithelial cells, wild-type luminal epithelial cells displayed the
lowest protein synthesis rates compared to all other cell types studied. This
suggests that other factors besides 4EBP1 abundance may further limit
wild-type luminal epithelial cell protein synthesis rates. For example, we
observed that elF20. phosphorylation was slightly increased in wild-type
luminal epithelial cells compared to basal epithelial cells (fig. S4). This
increase was not observed in PTEN™" luminal cells and therefore cannot
account for drug resistance or the low protein synthesis rates in the trans-
formed setting (fig. S4). Thus, prostate epithelial cell types were distin-
guished by their innate protein synthesis rates, which inversely correlated
with 4EBP1 transcript and protein amounts and may underlie MLN0128
resistance. Moreover, these findings suggest that a transcriptional program,
which dictates the cell type—specific expression of 4£BP1, may control the
differential protein synthesis rates between basal and luminal epithelial cells.
The molecular program that governs prostate epithelial cell-specific 4£BP1
expression remains a question for future investigation.

The 4EBP1-elF4E axis is a critical driver of prostate

cancer initiation and maintenance downstream of mTOR
Although in vitro work has demonstrated the importance of elF4E activity
in prostate cancer cell lines (/8-20), little is known about the role of
4EBP1 in prostate cancer initiation and progression in vivo. Given the strik-
ing difference in 4EBP1 expression within the normal prostate, we next
asked whether elF4E hyperactivity is a critical driver of prostate cancer
development as well as the therapeutic response or resistance of specific
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epithelial cell types. To directly address this question, we developed a ge-
netic model in which elF4E activity can be inhibited within all prostate
epithelial cell types in an inducible fashion. In this model (Fig. 2A), the
probasin (PB) promoter drives Cre recombinase expression (2/) and prostate-
specific recombination of a lox-stop-lox (LSL) element, which precedes a
reverse tetracycline-controlled transactivator gene (1tTA) within the Rosa26
locus (22). In the presence of the tetracycline analog doxycycline, the rtTA
drives the expression of a tetracycline-responsive mutant form of 4EBP1
(TetO4EBP1™) in which all the mTOR-sensitive phosphorylation sites have
been mutated to alanine. We previously used the mTOR-insensitive mu-
tant 4EBP1™ to decrease eIFAE hyperactivation in vivo in hematologic
cancers (15). Using this mouse model, we studied the effects of the TetO-
4EBP1™ in normal prostate epithelial cells. We induced the expression of
4EBP1™ in PB-Cre™®";Rosa-LSL-rtTA*"*!: TetO-4EBP1™™ (herein re-
ferred to as 4EBP1™) mice at weaning before the onset of male puberty
for 4 to 5 weeks with doxycycline (fig. SSA) (23). We verified transgene
expression and found that the prostate glands of 4EBP1™-induced mice
exhibited no histological differences compared to wild-type mice (Fig. 2B and
fig. S5, B and C). Thus, 4EBP1™ expression does not affect normal prostate
gland development or histological features of a mature murine prostate.

To genetically determine the role of elFAE hyperactivity toward prostate
tumorigenesis and cancer progression, we developed the PB-Cre™®";
PTEN"";Rosa-LSL-rtTA®® TetO-4EBP1M™ mouse model (herein re-
ferred to as PTENL/L;4EBP1M). In this system, loss of the PTEN tumor
suppressor drives PI3K-AKT-mTOR signaling, hyperactivation of eIF4E,
and subsequent development of preinvasive PIN lesions by 10 weeks of age
(14). Administration of doxycycline induces the expression of the 4EBP1™
transgene (Fig. 2A), thereby decreasing elF4E hyperactivation (15). Expres-
sion of 4EBP1™ within the prostate did not affect the ability of mTOR
to phosphorylate other downstream targets such as the p70S6K1 and
p70S6K2 target rpS6 (fig. S5D). PTEN™" and PTEN""4EBP1™ mice were
placed on doxycycline for 4 to 5 weeks immediately after weaning and
analyzed for the effects on tumor initiation (fig. S5A). Loss of PTEN
caused a twofold increase in prostate size that was significantly blunted
in PTEN““4EBP1™ mice (fig. S5E). At a histological level, the 4EBP1™
transgene markedly inhibited the development of PIN in PTEN“™:4EBP1™
mice (Fig. 2C), which complements a previous finding that e[FAE phospho-
rylation is necessary for prostate cancer development (24). Next, we sought
to delineate the cellular mechanism underlying the tumor suppressive effects
of 4EBP1M expression. Confirming previously published work, PTEN™"
mice exhibited increased baseline amounts of both proliferation and apoptosis
compared to wild-type mice (Fig. 2D and fig. S5F) (/4). However, inhibi-
tion of elFAE hyperactivity substantially increased apoptosis by fivefold
(Fig. 2D), while having no effect on cell proliferation (fig. S5F), demon-
strating that increased activity of e[F4E promotes a prosurvival program
that is critical for tumor initiation.

Given the significant therapeutic potential of targeting eIFAE hyper-
activity in established cancers, we used the inducible nature of the
PTEN""4EBP1™ mouse model to test the effect of eIFAE inhibition on
tumor maintenance. PTEN™" and PTEN""4EBPI™ mice were aged to
7 to 9 months, corresponding to the development of large prostate tumors
that can be visualized by ultrasound. At that point, mice were imaged be-
fore and after 8 weeks of doxycycline administration (fig. S5G). By the
end of the trial, PTEN"":4EBP1™ mouse prostates were 50% smaller than
those of PTEN"" mice (Fig. 2, E and F). Moreover, whereas PTEN"" mice
exhibited a twofold increase in tumor area, PTENY:4EBPI™ tumors ex-
hibited no growth but instead a slight decline in tumor area (Fig. 2, G and H),
which was associated with a threefold increase in apoptosis (Fig. 2I). To-
gether, these findings provide in vivo evidence that elF4E hyperactivity is
critical for prostate cancer initiation and maintenance, and provide clinical

17 November 2015 Vol 8 Issue 403 ra116 3

1102 ‘22 Arenige4 uo /610 Gewisous 10sax1s//:dny wou) papeoumoq


http://stke.sciencemag.org/

RESEARCH ARTICLE

A B 4EBPM E F
£,
o 53
- C\ PTEN;4EBP1M 3
PB-Cre / Eoy,
[/ [/ "" 8
5~ /ﬁ @ C 8%
o &
’ —dox ; £
‘ 7 ﬁ:

00 PTENUL PTENY;
4EBP1

PTENUL

Cc D

CANWANONPOD AN

PTENUL;
4EBP1M

Pre-treatment Post-treatment

X

IS

Fold increase in apoptosis
normalized to WT

Mo

{8
&

%,
7%
w

Q‘\

<
o K
S

N

1

normalized to PTENYL

Fold increase in apoptosis

Fold change in tumor size
normalized to pre-treatment size

[
PTENYL PTENUL;
4EBPIM

PTENUL PTENUY
4EBP1IM

Fig. 2. Inhibition of elF4E activity does not affect WT prostate epithelial cell maintenance but suppresses
prostate tumor initiation and progression in the setting of PTEN loss in vivo. (A) Schematic representation of
the prostate-specific and doxycycline-inducible PTENY4EBP1M mouse model, in which the addition of
doxycycline (dox) to the drinking water (at 2 g/liter) induced the expression of the 4EBP1M transgene.
(B) Representative hematoxylin and eosin (H&E) staining of ventral prostate glands from 4EBP1™ mice
after 4 weeks with or without doxycycline in their drinking water. Scale bar, 100 um. (C) Representative
H&E staining of WT, PTEN", and PTEN--4EBP1M prostates after 4 to 5 weeks of exposure to doxycycline
after weaning. Percent high-grade prostatic intraepithelial neoplasia (PIN)-positive glands in PTENY* and
PTEN""4EBP1™ mice (n = 3 mice per genotype, *P = 0.03, ttest). Scale bar, 500 um. (D) Fold change in
TUNEL (terminal deoxynucleotidyl transferase-mediated deoxyuridine triphosphate nick end labeling)—
positive cells in WT, PTEN'Y, and PTENYS4EBP1M prostates after 4 to 5 weeks of exposure to doxycycline
after weaning (n = 3 mice per genotype; *P = 0.004, **P < 0.0001, ttest). (E) Representative PTENY-4EBP1M
prostate with or without exposure to doxycycline for 8 weeks starting at age 6 to 8 months. Mice were at
8 to 10 months of age at necropsy. (F) Quantification of mouse prostate weights between PTEN“* and
PTEN“":4EBP1™ exposed to doxycycline for 8 weeks (n = 4 to 5 mice per genotype; *P = 0.02, t test).
(G) Representative ultrasounds of PTENY- and PTEN'-4EBP1M anterior prostates before and after 8 weeks
of exposure to doxycycline. (H) Quantification of tumor area in PTEN and PTEN'Y;4EBP1M anterior pros-
tates before and after 8 weeks of exposure to doxycycline (n = 4 to 5 mice per genotype; *P = 0.003, ttest).
(1) Fold change in TUNEL-positive (apoptotic) cells in PTEN: and PTENYS4EBP1M (n = 3 mice per geno-
type; *P = 0.0006, t test). Data are means + SEM.

prostate epithelial cells in PTENY:4EBP1™
mice may be less sensitive to the expres-
sion of the 4EBP1™ transgene. To address
this question, we determined the change in
the number of PTEN™" luminal epithelial
cells compared to PTEN"" basal epithelial
cells after the induction of the 4EBP1™ by
both immunofluorescence and FACS. In the
setting of PTEN loss (fig. S3, A and B),
both basal and luminal epithelial cell popu-
lations increased in total number compared
to wild-type cells and were characterized by
increased entry into the cell cycle (fig. S6A),
demonstrating the mitogenic effects of in-
creased PI3K-AKT-mTOR pathway activa-
tion (Fig. 3A). Strikingly, however, we found
that luminal epithelial cells were specifical-
ly enriched upon inhibition of eIF4E by the
4EBP1™, which phenocopied our pharma-
cological findings with MLNO128 (Figs. 1A
and 3B, and fig. S6, B to D). These findings
suggest that e[F4E may be critical to trans-
form basal epithelial cells, whereas luminal
cells do not rely on increased eIF4E activa-
tion for their growth.

To elucidate the cellular mechanism that
enables this divergent response in basal and
luminal epithelial cells to inhibition of e[F4AE
activity, we conducted in vivo analysis of
cell proliferation and apoptosis. Induction
of the TetO-4EBP1™ transgene did not affect
cell proliferation as determined by BrdU incor-
poration in any of the cell types in PTEN""
mice (Fig. 3C). However, 4EBP1™ expres-
sion increased apoptosis in basal cells but
did not affect luminal epithelial cells (Fig. 3D
and fig. S6E). Hence, despite having tumor-
igenic potential in the context of PTEN loss,
luminal epithelial cells are not dependent
on elF4E activity for cell survival, which un-
derscores a surprising specificity in cell iden-
tity and sensitivity to inhibition of eI[F4E
activity in prostate cancer. These findings are
consistent with the overall marked increase
in 4EBP] transcript expression and decreased
protein synthesis rates in luminal compared
to basal epithelial cells. Together, these find-
ings suggest that the high protein synthesis
rates normally exhibited by prostate basal

precedence for therapeutically targeting upstream regulators of the tran-
slation initiation machinery, such as mTOR, in epithelial cancers.

PTEN"" luminal epithelial cells are resistant to inhibition
of elF4E activity

Our genetic studies reveal that despite the marked effect of restraining
elF4E hyperactivity on prostate cancer development, this effect is incom-
plete, and certain prostate cancer cell populations continue to grow (Fig.
2G@). This genetic effect was mirrored by what we observed after MLNO0128
treatment, where a population of luminal epithelial cells was enriched after
treatment (Fig. 1A). We therefore asked whether a specific population of
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cells prime them to be more vulnerable to e[FAE down-regulation in the on-
cogenic setting. These findings have further therapeutic implications because
cells that normally exhibit higher 4£BP1 transcript expression may be more
resistant to pharmacological inhibition of the PI3K signaling pathway.

Increased 4EBP1 abundance controls the rate of protein
synthesis and drives resistance to PIBK-AKT-mTOR
pathway inhibition in human prostate cancer cells

To determine whether increased abundance of 4EBP1 primes cells for re-
sistance to PI3K-AKT-mTOR pathway inhibition, we developed a human pros-
tate cancer cell line characterized by knockdown of PTEN and overexpression
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* rable to those observed in the “low 4EBP1”

clones (Fig. 4C). Remarkably, knockdown of
4EBP1 in resistant cells increased their sen-
sitivity to MLNO128 (Fig. 4D). Moreover,
enforced expression of wild-type 4EBP1
conferred resistance to a previously sensitive
clone exhibiting low 4EBP1 abundance (fig.
S7, D and E). At a molecular level, decreas-
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ing 4EBP1 mRNA and protein to amounts
equivalent to those in sensitive cells appeared
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4E) and increased the formation of the e[F4E
complex (Fig. 4F). Hence, high 4EBP1 abun-
dance directly inhibited the activity of eIF4E
by skewing the amount of elF4G and elF4A
bound to eIF4E, thereby lowering the

amount of protein synthesis and conferring
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Fig. 3. PTENY" luminal epithelial cells are enriched upon expression of 4EBP1V. (A) Fold change in basal
and luminal epithelial cell numbers upon PTEN loss in WT and PTEN' mice (n =7 to 9 mice per genotype;
*P = 0.005, **P = 0.01, ttest). (B) Ratio of CK8" luminal epithelial cells over CK5* basal epithelial cells in
PTEN'" and PTENYS4EBP1M mice (n = 6 mice per condition; *P = 0.001, t test). (C) Percent 5-bromo-2-
deoxyuridine (BrdU) incorporation by FACS of the basal and luminal epithelial cell types from mice ex-
posed to doxycycline (administered in the drinking water at 2 gfliter) at weaning for a total of 4 to 5 weeks.
Upper: Representative BrdU dot plot. Lower: Quantification of percent BrdU-positive basal and luminal
cells in each mouse strain (n = 5 to 6 mice per genotype, ttest). FSC, forward scatter. (D) 7AAD/annexin
FACS for apoptosis in basal and luminal epithelial cell types from mice exposed to the doxycycline regimen
upon weaning for a total of 4 to 5 weeks. Upper: Representative 7AAD/annexin zebra plot. Lower: Quantification
of 7AAD/annexin double-positive cells in basal or luminal cells in each mouse strain (n = 6 to 7 mice per
genotype; *P = 0.03, ttest). All mice were at 8 to 10 weeks of age at necropsy. Data are means + SEM.

of large/small T antigen and human telomerase reverse transcriptase ('TERT)
in primary prostate epithelial cells (PTEN KD LHS PrECs) (fig. S7TA)
(25). These cells exhibit important similarities with human prostate cancer,
including the expression of luminal epithelial markers and the ability to form
colonies in clonogenic growth assays (fig. S7, A and B). Similar to our phar-
macologic and genetic studies, these cells also exhibited a heterogeneous re-
sponse to treatment with MLNO128 characterized by populations of sensitive
and primary resistant cells. To determine whether 4EBP1 abundance de-
fines the resistant cell type, single-cell clones were isolated, characterized
for their baseline 4EBP1 protein abundance, and treated with MLNO128
to determine the effects on cell survival by propidium iodide staining and
annexin V analysis by FACS. We found that despite having similar loss of
PTEN, individual clones had varying amounts of 4EBP1 mRNA and protein
amounts (Fig. 4A and fig. S7C). Moreover, we observed that clones with
lower 4EBP1 protein abundance were more sensitive to MLNO128 treat-
ment, whereas those with high 4EBP1 abundance were resistant (Fig. 4, A
and B). Next, we sought to determine whether high 4EBP1 protein abundance
primed cells for resistances to MLLN0128. To this end, we knocked down
4EBP1 using pooled small interfering RNA (siRNAs) to amounts compa-
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resistance to PI3K-AKT-mTOR pathway in-
hibitors. These findings implicate 4EBP1 as
a marker and mediator of drug resistance.

Luminal

n.s.

High 4EBP1 abundance is
associated with resistance to
PI3K inhibitors in prostate
cancer patients

Next, we sought to determine whether in-
creased 4EBP1 abundance is a common
feature of resistance to inhibitors of the
PI3K-AKT-mTOR signaling pathway in pros-
tate cancer patients. To this end, tissues ob-
tained from prostate cancer patients enrolled
in an ongoing, phase 2 clinical trial with the
oral pan-PI3K inhibitor buparlisib (BKM120)
were used to determine total abundance of
4EBP1 before and after PI3K-AKT-mTOR
pathway inhibition (www.clinicaltrials.gov;
NCT01695473). In this neoadjuvant trial,
newly diagnosed prostate cancer patients are
treated with 100 mg of buparlisib daily for
14 days before radial prostatectomy (Fig. SA).
Paired diagnostic prostate core biopsy and
radical prostatectomy tissue specimens were collected from each patient
for pharmacodynamic evaluation. PI3K pathway inhibition was confirmed
by phosphorylated AKT immunohistochemistry in nearly all (seven of nine)
patients (fig. S8A). The two patients who did not exhibit significant differ-
ences had low baseline phosphorylated AKT abundance in the pretreatment
setting (fig. S8A). Prostate-specific antigen (PSA) is a biomarker commonly
used to monitor treatment response or disease progression. We found that no
patients experienced an objective PSA response, defined as a >30% decrease
in PSA serum concentration, to BKM120 during the course of the trial (fig.
S8B), and this was associated with a significant enrichment of high 4EBP1—
expressing luminal epithelial cells (CK8") posttreatment compared to pre-
treatment specimens (Fig. 5, B and C). Thus, increased 4EBP1 abundance
may characterize a specific epithelial cell type with intrinsic resistance to
PI3K-AKT-mTOR pathway inhibition in prostate cancer patients.

Fold change in apoptosis

0
PTENUL PTEN'A;
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DISCUSSION

The PI3K pathway drives tumor growth in prostate cancer, but resistance is
often observed to PI3K pathway inhibitors. We found a cell type—specific
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Fig. 4. Increased abundance of 4EBP1 is re-
quired to maintain resistance to PI3K path-
way inhibitors and is a marker of resistant
cells in human prostate cancer. (A) Repre-
sentative Western blot analysis from two
experiments for PTEN and 4EBP1 in PTEN
KD LHS PrEC clones and control LHS cells.
(B) Analysis of apoptosis by propidium
iodide/annexin V staining in PTEN KD LHS
PreCs after 12-hour exposure to MLNO128
or vehicle (-MLN0128) (n = 5 replicates in
two independent experiments; *P < 0.0001,
**P=0.04, ttest). (C) Representative West-
ern blot of 4EBP1 in PTEN KD LHS PrECs
with and without si4EBP1. (D) Analysis of
apoptosis by propidium iodide/annexin V
staining of PTEN KD LHS PrECs after trans-
fection with a 4EBP1-targeted siRNA pool
(n = 8 replicates in two independent ex-
periments; *P < 0.0001, **P = 0.005, ttest).
(E) Representative autoradiograph (left)
and quantification of [**S]methionine incor-
poration assays in PTEN KD LHS PrEC
clones upon silencing 4EBP1 [n = 3 inde-
pendent experiments; *P < 0.05, ANOVA
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Cap-binding assay

(analysis of variance)]. (F) Representative cap-binding assay in PTEN KD LHS clones upon silencing 4EBP1. Data are means + SEM.

Fig. 5. Increased 4EBP1 abundance is asso-
ciated with drug resistance in prostate cancer
patients. (A) Schematic of the phase 2 neo-
adjuvant BKM120 clinical trial conducted at
the University of California, San Francisco
(UCSF). (B) Representative H&E, CK8, and
4EBP1 immunofluorescence images of a
patient tumor before and after treatment
with the PI3K inhibitor BKM120. Far right:
Magnified insets from the 4EBP1 images.
Scale bars, 50 and 10 um, respectively.
(C) Quantification of the percentage of lumi-
nal epithelial cells with low or high abun-
dance of 4EBP1 for each patient as well
as the average for all of the patients before
(pre) and after (post) treatment with BKM120
(*P < 0.0001, ttest).
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intrinsic resistance mechanism to PI3K pathway inhibitors in luminal ep-
ithelial prostate cells that was mediated by increased abundance of the
translation repressor 4EBP1. Compared to luminal cells, basal epithelial
cells in the prostate had considerably lower mRNA and protein abundance
of 4EBP1, greater protein synthesis activity, and increased MLNO128 sen-
sitivity. Thus, contrary to the expected outcome of increased PI3K signal-
ing resulting in equivalent e[F4E activation across all prostate epithelial cell
types, our data uncovered cell type specificity in 4EBP1 transcript abun-
dance that primes cells for drug sensitivity or resistance. In the future, it will
be interesting to determine the molecular basis for the increased 4EBP1 ex-
pression in luminal epithelial cells compared to basal epithelial cells and
whether these differences arise from transcription factor promoter binding
(26, 27), chromatin remodeling, or mRNA degradation rates.

The clinical implication of these findings is the in vivo realization of a
critical mode of resistance to PI3K pathway inhibitors other than those that
have been previously proposed. For example, direct mutations of PI3K
pathway components have been described to confer resistance to PI3K-
mTOR inhibitors in prostate cancer (28), as have parallel mitogenic sig-
naling pathways driven by the androgen receptor (29, 30). In addition to
pathway-mediated mechanisms of resistance, the Brugge laboratory has
demonstrated that the physical location of a cancer cell within a three-
dimensional culture can determine its sensitivity to PI3K pathway inhibi-
tors (37). However, unlike these observations, which demonstrate adaptive
resistance mechanisms, our findings illustrate the central importance of
cell identity dictated by the status of the 4EBP1-eIF4E axis and protein
synthesis rates to determine intrinsic resistance to PI3K-AKT-mTOR inhi-
bition. This may be a cellular mechanism akin to oncogene addiction where
the genetic makeup of the cell dictates its drug sensitivities (32).

Loss of 4EBP1 or increased elF4E, which is associated with increased
protein synthesis, has been previously shown to confer drug-resistant phe-
notypes in cell culture and xenografts (33-37). In the context of our in vivo
studies, it is therefore intriguing to speculate as to why cancer-prone cells with
high 4EBP1 abundance associated with lower protein synthesis rates escape
target inhibition. Specific cell types, such as luminal epithelial cells with high
4EBP1 abundance, may harbor more quiescent features associated with
lower protein synthesis and therefore may be less sensitive to therapeutic
agents that impinge on protein synthesis control coupled to growth and
survival. Together, our findings along with previously published reports
(33-37) suggest that there is both a lower and upper threshold of protein
synthesis rates that can prime cells for drug resistance. Thus, 4EBP1 abun-
dance, which our study here indicated is cell type—specific (in the prostate)
and correlated with mRNA translation, is a distinguishing factor that might be
used to predict sensitivity or resistance to PI3K pathway inhibitors in patients.

MATERIALS AND METHODS

Mice

PTEN"" and Rosa-LSL-tTA®"®! mice where obtained from Jackson Labora-
tories. PB-Cre'®" mice were obtained from the Mouse Models of Human
Cancers Consortium. All mice were maintained in the C57BL/6 background.
The TetO4EBP1MM was generated as previously described (15). Mice were
maintained under specific pathogen—free conditions, and experiments were
performed in compliance with institutional guidelines as approved by the
Institutional Animal Care and Use Committee of UCSF. Doxycycline
(Sigma) was administered in the drinking water at 2 g/liter.

Cell lines and reagents
The LHS PrECs were provided by P. Febbo (UCSF) and were cultured as
previously described (25). A PTEN-targeted short hairpin RNA (shRNA)
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sequence 5'-GACTTAGACTTGACCTATATT-3’ (TRCN0000355842, Broad
Institute) was cloned into the pLKO.1 vector and overexpressed using
standard lentiviral packaging constructs. The PTEN shRNA virus was
infected into LHS PrECs. Single-cell clones were selected using trypsin-
soaked sterile cloning discs (Sigma). MLN0128 was provided by K. Shokat
(UCSF) and used at 1 mg/ml in the preclinical trial and at 100 nM in
the cell lines. 4EBP1 siRNAs were obtained from Thermo Scientific (ON-
TARGETplus SMARTpool human e[FAEBP1 siRNA, catalog no. L-003005-
00). Lipofectamine 2000 (Life Technologies) was used to transfect LHS
PrECs with siRNA. The wild-type V5-tagged 4EBP1 construct (pLX304-
4EBP1-V5) was provided by P. Paddison (Fred Hutchinson Cancer Re-
search Center).

Clonogenic assay

In brief, 5000 PTEN-deficient LHS cells were plated on to a 35-mm six-well
plate. The covering medium was changed every 2 or 3 days during
culture. After 14 days, the cells were fixed and stained with crystal violet
solution (10% acetic acid, 10% ethanol, and 0.06% crystal) and then
visualized. Colonies were enumerated and averaged over three indepen-
dent experiments.

Prostate tissue processing

Whole mouse prostates were removed from wild-type, 4EBP1™, PTEN'!,
and PTENY:4EBP1™ mice, microdissected, and frozen in liquid nitro-
gen. Frozen tissues were subsequently manually disassociated using a
biopulverizer (BioSpec) and additionally processed for protein and
mRNA analysis as described below.

Prostate epithelium single-cell dissociation

Wild-type, 4EBP1™, PTENY, and PTEN"I;4EBP1™ mouse prostates were
retrieved, microdissected, and minced using a scalpel. Tissue chunks
were incubated in collagenase I (1 mg/ml; Life Technologies) in Dulbecco’s
modified Eagle’s medium (DMEM), 10% fetal bovine serum (FBS),
L-glutamine, and penicillin/streptomycin for 1 to 2 hours at 37°C. This was
followed by further dissociation with 0.05% trypsin, which was quenched
using fully supplemented DMEM and 500 U of deoxyribonuclease (DNase)
(Roche). Cells were manually dissociated with an 18-gauge followed by a
20-gauge needle and syringe. Cells were counted using a hemocytometer.

Western blot analysis

Western blot analysis was performed as previously described (/5) with anti-
bodies specific to e[F4A (Cell Signaling), e[F4G (Cell Signaling), elF4E
(BD Biosciences), PTEN (Cell Signaling), 4EBP1 (Cell Signaling), phospho-
rylated 4EBP1 Thr’”*® (Cell Signaling), AKT (Cell Signaling), phosphoryl-
ated AKT Ser*” (Cell Signaling), rpS6 (Cell Signaling), phosphorylated tpS6
Ser**2* (Cell Signaling), PTEN (Cell Signaling), GAPDH (Cell Signaling)
and B-actin (Sigma), phosphorylated eEF2 Thr*® (Cell Signaling), eEF2 (Cell
Signaling), PDCD4 (Cell Signaling), phosphorylated elF20. Ser’' (Cell
Signaling), elF20, (Cell Signaling), and 4EBP2 (Cell Signaling). Densitome-
try analysis was completed using ImageJ (http://imagej.nih.gov/ij/).

qPCR analysis

RNA was isolated using the manufacturer’s protocol for RNA extraction with
TRIzol reagent (Invitrogen) using the Pure Link RNA Mini Kit (Invitrogen).
RNA was DNase-treated with PureLink DNase (Invitrogen). DNase-treated
RNA was transcribed to complementary DNA (cDNA) with SuperScript
III First-Strand Synthesis System for Reverse Transcription PCR (Invitrogen),
and 1 microliter of cDNA was used to run each SYBR Green detection qPCR
assay (SYBR Green Supermix and MyiQ2, Bio-Rad). Primers were used
at 200 nM. Oligomer sequences are in table S1.
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FACS of distinct prostate epithelial populations

Live prostate epithelial cells were counted and labeled with CD49f-
phycoerythrin (PE) (eBioscience), Sca-1-PE-Cy7 (BioLegend), CD31-
eFluor 450 (eBioscience), CD45—eFluor 450 (eBioscience), and Terl19—eFluor
450 (eBioscience). Data were acquired using a BD FACSCanto (BD Bio-
sciences) and analyzed with FlowJo (v.9.4.10). To calculate the absolute
number of cells per populations, we multiplied the percentage of each cell
populations with the total number of cells. To sort the basal and luminal
populations, dissociated epithelial cells were stained as above and sorted
on a BD FACSAria III (BD Biosciences).

Prostate immunofluorescence and analysis

Prostates were dissected from mice and fixed in 10% formalin overnight at
4°C. Tissues were subsequently dehydrated in ethanol (Sigma) at room
temperature, mounted into paraffin blocks, and sectioned at 5 microns per
tissue slice. Specimens were deparaffinized and rehydrated using CitriSolv
(Fisher) followed by serial ethanol washes. Antigen unmasking was per-
formed on each section using citrate (pH 6; Vector Laboratories) in a pressure
cooker at 125°C for 10 to 30 min. Sections were washed in distilled water
followed by two washes in tris-buffered saline (TBS). The sections were then
incubated in 5% goat serum, 1% bovine serum albumin in TBS for 1 hour at
room temperature. Various primary antibodies were used including those
specific for cytokeratin 5 (Covance), cytokeratin 8 (Abcam), total 4EBP1
(Cell Signaling), phosphorylated AKT Ser*”* (Cell Signaling), and phos-
phorylated 4EBP1 Thr*”#® (Cell Signaling), which were diluted in blocking
solution and incubated on sections overnight at 4°C. Specimens were then
washed in TBS and incubated with the appropriate Alexa 488— and
Alexa 594-labeled secondary antibodies (Invitrogen) at 1:500 for 2 hours
at room temperature. A final set of washes in TBS was completed at room
temperature followed by mounting with HardSet Mounting Medium with
4’ ,6-diamidino-2-phenylindole (Vector Laboratories). A Zeiss Axio Im-
ager M1 was used to image the sections. Individual prostate epithelial cells
and cancer cells were quantified by mean fluorescence intensity using the
Zeiss AxioVision (Release 4.8) densitometric tool. To determine the ratio of
luminal epithelial cells to basal epithelial cells, 10 to 15 images were taken
for each pharmacologic or genetic manipulation and analyzed. Specifically,
a mask for CK5" basal epithelial cells and CK8" luminal epithelial cells was
drawn for each image and an area was calculated, thereby providing an
amount of each cell type (Imagel). To calculate the ratio, luminal epithelial
areas were divided by basal epithelial areas and graphed (GraphPad Inc.).

Hematoxylin and eosin staining

Paraffin-embedded prostate specimens were deparaffinized and rehydrated
as described above (see immunofluorescence section), stained with hema-
toxylin (Thermo Scientific), and washed with water. This was followed by
a brief incubation in differentiation ready-to-use solution (VWR) and two
washes with water, followed by two 70% ethanol washes. The samples
were then stained with eosin (Thermo Scientific) and dehydrated with etha-
nol, followed by CitriSolv (Fisher). Slides were mounted with Cytoseal XYL
(Richard-Allan Scientific).

Apoptosis analysis

TUNEL staining of optimal cutting temperature—embedded prostate was
conducted per the manufacturer’s protocol (Roche). Apoptosis analysis of
live prostate epithelial cells was conducted by first labeling single-cell pros-
tate isolates with CD49f-PE (eBioscience), Sca-1-PE-Cy7 (BioLegend),
CD31—¢Fluor 450 (eBioscience), CD45—eFluor 450 (eBioscience), and
Ter119—eFluor 450 (eBioscience). This is followed by labeling with annexin
V-allophycocyanin (APC) (BD Pharmingen) and 7-AAD (BD Pharmin-
gen) following the manufacturer’s instructions (BD Biosciences). Data

www.SCIENCESIGNALING.org

were acquired using a BD FACSCanto (BD Biosciences) and analyzed
with FlowJo (v.9.4.10).

Cell proliferation analysis by BrdU incorporation in vivo
Two hundred microliters of BrdU (10 mg/ml) (BD Pharmingen) was
administered by intraperitoneal injection in mice 48 and 24 hours before
they were euthanized. Prostates were retrieved and dissociated to single cells
as above. Staining for BrdU was conducted using the manufacturer’s protocol
(BD Pharmingen). In short, cells were labeled with CD49{-PE (eBioscience),
Sca-1-PE-Cy7 (BioLegend), CD31—eFluor 450 (eBioscience), CD45—eFluor
450 (eBioscience), and Terl19—eFluor 450 (eBioscience), subsequently fixed,
and permeabilized with BD Cytofix/Cytoperm buffer. Cells were treated with
DNAse to expose the BrdU epitopes and were stained with APC—anti-BrdU
antibody. Data were acquired using a BD FACSCanto (BD Biosciences) and
analyzed with FlowJo (v.9.4.10).

Ultrasound imaging of the mouse prostate

A Vevo 770 ultrasound imaging system (VisualSonics) was used to image
PTEN"" and PTEN""4EBPI™ anterior prostates before and after doxycycline
treatment. Areas of interest were measured by assessing the largest area
(height and width) of each mass within the anterior prostate.

Ex vivo [*®*S]methionine labeling in primary prostate
epithelial cells

Primary basal and luminal epithelial cells from wild-type and PTEN""
mice were dissociated and sorted as described above. For each cell type,
40,000 cells were incubated with 33 mCi of [*>S]methionine for 1.5 hours
in methionine-free DMEM (Invitrogen) plus 10% dialyzed FBS and L-
glutamine. Cells were prepared using a standard protein lysate protocol,
resolved on a 10% SDS—polyacrylamide gel, and transferred onto a poly-
vinylidene difluoride membrane (Bio-Rad). The membrane was exposed
to autoradiography film (Denville) for 24 hours and developed. Densitom-
etry analysis was completed using ImageJ (http://imagej.nih.gov/ij/). For
the LHS PTEN KD PrECs, 250,000 cells were plated and incubated as
described above.

Neoadjuvant BKM120 prostate cancer clinical trial

A phase 2 prospective pharmacodynamic study of buparlisib (BKM120)
(38), an oral pan-class PI3K inhibitor, in patients with high-risk, localized
prostate cancer was conducted at UCSF (NCT01695473). The primary
study objective was to determine the proportion of men with downstream
target inhibition of PI3K in prostate tumor tissue, as measured by immu-
nohistochemistry. Eligible subjects had localized adenocarcinoma of the
prostate that were candidates for and had selected radical prostatectomy
as the primary treatment. Subjects had high-risk disease, defined as Gleason
28 and 22 discrete core biopsies containing 220% cancer or Gleason 4 +
3 and 250% of core biopsies containing cancer. Patients were required to
have adequate diagnostic core biopsy specimens for pharmacodynamic
evaluation; patients who did not have adequate specimens for evaluation
were required to undergo a pretreatment biopsy for tissue acquisition. Pa-
tients received buparlisib 100 mg daily for the 14 days preceding radical
prostatectomy, with the final dose taken on the night before surgery. The
study was conducted in accordance with International Conference on Har-
monization good clinical practice standards, with approval by the institution-
al review board at UCSF. All patients provided written informed consent
to participate.

Cap-binding assay

Cells were lysed in buffer A [10 mM tris-HCI (pH 7.6), 140 mM KCl,
4 mM MgCl,, 1 mM dithiothreitol, 1 mM EDTA, and protease inhibitors
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supplemented with 1% NP-40], and cell lysates (250 pg of protein in 500 ul)
were incubated overnight at 4°C with 50 pl of the mRNA cap analog
m’GTP-Sepharose (Jena Bioscience) in buffer A, under constant and gentle
agitation. The protein complex Sepharose beads were washed with buffer A
supplemented with 0.5% NP-40, and the e[F4E-associated complex was re-
solved by SDS—polyacrylamide gel electrophoresis and Western blotting.

SUPPLEMENTARY MATERIALS

www.sciencesignaling.org/cgi/content/full/8/403/ra116/DC1

Fig. S1. Absolute quantification of basal epithelial cells and luminal epithelial cells after
treatment with MLNO128.

Fig. S2. qPCR phenotyping of distinct sorted epithelial cell populations in wild-type and
PTEN"" mice.

Fig. S3. Efficiency of PTEN deletion and the phosphorylation and localization of 4EBP1 in
basal and luminal epithelial cells in vivo.

Fig. S4. Western blot analysis of translation initiation factors and regulators in wild-type
and PTENY" basal and luminal epithelial cells.

Fig. S5. 4EBP1M does not affect normal prostate homeostasis but impedes prostate
cancer initiation and progression.

Fig. S6. Effect of PTEN loss and 4EBP1™ expression on absolute number of basal and
luminal epithelial cells.

Fig. S7. Expression of 4EBP1 endows resistance to MLN0O128 in LHS PTEN KD cell lines.
Fig. S8. Phosphorylated AKT (Ser*”®) immunohistochemistry of prostate tumors and serum
PSA concentrations from patients before and after treatment with BKM120.

Table S1. gPCR oligonucleotide sequences.
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